Although the mechanisms for regulation of ribosomal protein gene expression have been established for gram-negative bacteria such as Escherichia coli, the regulation of these genes in gram-positive bacteria such as Bacillus subtilis has not yet been characterized. In this study, the B. subtilis rpsD gene, encoding ribosomal protein S4, was found to be subject to autogenous control. In E. coli, rpsD is located in the a operon, and S4 acts as the translational regulator for a operon expression, binding to a target site in the a operon mRNA. The target site for repression of B. subtilis rpsD by protein S4 was localized by deletion and oligonucleotide-directed mutagenesis to the leader region of the monocistronic rpsD gene. The B. subtilis rpsD leader exhibits little sequence homology to the E. coli a operon leader but may be able to form a pseudoknotlike structure similar to that found in E. coli.
The regulation of ribosomal protein biosynthesis has been characterized in depth in the gram-negative bacterium Escherichia coli (for a review, see reference 15) and has been found in a number of cases to involve a negative feedback mechanism in which certain ribosomal proteins act as autogenous repressors, controlling the expression of the operon in which they are encoded (4, 29) . The regulatory ribosomal proteins are all proteins which bind to rRNA early in ribosomal assembly; when rRNA levels are low, the regulatory protein binds instead to a specific target site in the ribosomal protein operon mRNA. Binding of the repressor protein to the mRNA results in turn-off of expression of the operon. The mechanism of inhibition varies in different operons and can include inhibition of translation initiation, targeting of the imRNA for degradation, and transcription attenuation. This regulatory system permits stoichiometric synthesis of ribosomal proteins and maintenance of the balance of ribosomal protein and rRNA levels.
Although some information has been collected about the organization of ribosomal protein genes in bacterial species other than E. coli, very little is known about the regulation of expression of these genes. Analysis of the mechanisms controlling the expression of ribosomal protein genes in evolutionary divergent systems will provide valuable information about the biological significance of these regulatory mechanisms. Bacillus subtilis is a gram-positive, sporeforming soil bacterium which is evolutionarily distant from E. coli (time of divergence estimated at 109 years [12] ). Given the availability of tools for genetic analysis and the information that is already known about the organization of ribosomal determinants, B. subtilis is highly suitable for such a study.
A large number of ribosomal protein genes have been identified in B. subtilis; in general, their organizational patterns are similar to those found in E. coli. The most intriguing difference in the organization of ribosomal protein genes between B. subtilis and E. coli is the location of the rpsD gene, encoding protein S4. In E. coli, rpsD is the third gene in the ot operon, which also contains rpsM, rpsK, rpoA * Corresponding author.
(ox subunit of RNA polymerase), and rplQ (1) . Protein S4, encoded by rpsD, acts as the translational repressor controlling a operon expression (14) . In B. subtilis, the organization of the a operon is similar except that rpsD is located at position 2630 on the 3600 chromosomal map (9) , distant from the remainder of the ot operon genes, which are at 12°(3). The B. subtilis rpsD gene has been cloned, and its predicted product is 50% identical to E. coli S4 in amino acid sequence (8) . Transcriptional analysis indicated that rpsD is monocistronic and that the coding region is preceded by a leader region 182 bases in length. It is therefore of interest to determine whether the difference in gene organization in these species also reflects a difference in gene regulation. This study presents an initial examination of the mechanisms regulating rpsD expression in B. subtilis and to our knowledge represents the first analysis of ribosomal protein gene regulation in a gram-positive bacterium. We find that rpsD is autogenously regulated in B. subtilis and that the target site for regulation is the leader region preceding the rpsD coding sequence.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used are listed in Table 1 . Cultures of B. subtilis and E. coli were routinely grown in L broth; for propagation of bacteriophage X, MgSO4 was added to a final concentration of 10 mM. Derivatives of bacteriophage M13 were propagated in strain JM103. Plasmids were routinely propagated in strain DH5ot. Phage XRZ5 (21) was obtained from C. Turnbough. Ampicillin was used at 50 ,ug/ml for high-copynumber plasmids and at 10 ,ug/ml for X lysogens; kanamycin was used at 25 p.g/ml for E. coli strains carrying derivatives of plasmid pLG338; chloramphenicol and neomycin were used at 5 ,ug/ml for B. subtilis strains containing single-copy insertions; erythromycin and lincomycin were used at 1 and 25 ,ug/ml, respectively, for selection for the Tn917-derived erm gene; chloramphenicol and erythromycin were used at 0.1 ,ug/ml for induction of the cat and erm genes, respectively. All antibiotics were purchased from Sigma Chemical Co. P-Galactosidase production was detected by the addition of X-Gal (5-bromo-4-chloro-3-indolyl-,B-D-galactopyra- (13) , obtained from P. Zuber, and inserted into the EcoRI site of M13-ClH, generating M13-Clneo. Similar constructs containing the Pst-1 leader mutation, designated M13-Plneo, and the Pst-1 leader mutation plus the rpsD2 allele of S4, designated M13-3APlneo, were also generated.
Plasmid pTMHM13, which was used to direct integration of a small segment of phage M13 DNA into the amyE locus of the B. subtilis genome, was derived from plasmid pDEB844 (2) , obtained from A. L. Sonenshein; pDEB844 is a derivative of the amy insertion vector pTRPBGI (22 Fusions were introduced into phage XRZ5 (21) by homologous recombination between the phage, which contains portions of pBR322 and lacZ sequences, and plasmid pTMH123 (wild-type leader) and its derivatives pTMH131 (Pst-1 leader mutation) and pTMH137 (leader deletion AXba3-2). Lysogens of strain JM109 (recA lacIq) were isolated which produced blue colonies on media containing X-Gal and which were resistant to ampicillin (10 ,ug/ml).
Plasmid pTMH115 (P1,c,015-rpsD) was introduced into the lysogens, with selection for kanamycin resistance.
Strain constructions. B. subtilis strains overproducing S4 were constructed by integration of M13-Plneo into the amyE locus of strain BR151MA (rpsD+) or BR3AMA (rpsD2). A small segment of M13 DNA was first inserted into the amyE gene, by transformation with plasmid pTMHM13 with selection for chloramphenicol resistance and screening for loss of amylase production, to provide a region of homology for integration of M13; strains containing the M13-rpsD insertion were then isolated by selection for the Neor determinant in M13-rpsD (Fig. 1B) . Strain BR151C1 contains an extra copy of a wild-type rpsD gene, and strain BR151P1 contains the Pst-1 leader region mutation in the extra rpsD copy. Strain BR3AP1 is similar to BR151P1 except that it has the rpsD2 allele of S4 both in the normal chromosomal locus and in the extra copy integrated at the amyE locus.
The rpsD-lacZ fusions contained in plasmid pZA329 were introduced by transformation into B. subtilis ZB307A. This strain contains a derivative of specialized transducing phage SP, which permits integration of the plasmid by selection for the plasmid-borne Cmr determinant (30) . Phage carrying the fusion were purified by passage through strain ZB449 (SPO cured) and were then introduced into strains BR151C1 and BR151P1 by selection for the phage-borne MLS' determinant.
DNA manipulations. Restriction endonucleases and DNAmodifying enzymes were purchased from New England BioLabs and used as described by the manufacturer. Dideoxynucleotide sequencing was carried out by using Sequenase (United States Biochemical) and single-stranded M13 or double-stranded plasmid templates. B. subtilis chromosomal DNA isolation and transformation were done as previously described (9) .
Oligonucleotide-directed mutagenesis. M13 template DNA preparation and mutagenesis reactions were done as described by Kunkel (16 1 All Polyacrylamide gel electrophoresis. Ribosomal proteins were isolated from strains BR151 and TR3A as previously described (9) . Extracts from strains containing insertions of M13-Plneo a'nd M13-Clneo were prepared from 5 ml of exponentially growing cultures. Cells were harvested, and protoplasts were prepared and lysed by using Brij 56 as previously described (9) . Extracts were mixed with sodium dodecyl sulfate (SDS) sample bu-ffer and were boiled for 5 min prior to electrophoresis on a 12% SDS-polyacrylamide gel. Molecular weight markers were from Sigma. Gels were stained with Coomassie blue R-250. Overproduction of S4 protein was estimated by laser densitometry, using an LKB UltroScanXL system. IP-Ga1actosidase assays. Cells were grown to mid-logarithmic growth phase in L broth containing the appropriate antibiot'ics. Samples (1 ml) were harvested, permeabilized with toluene, and assayed as described by Miller (18 gel electrophoresis of cell extracts. The change in migration between the S4 products of the wild-type and rpsD2 alleles was used as a marker to indicate the position of S4 protein (Fig. 4, lanes 2, 3, 8, and 9 ). Extracts from strains BR151M13 (lane 4) and BR151C1 (lane 5) showed identical protein profiles, indicating no overproduction of protein S4. This was the expected result, since the extra copy of rpsD in strain BR151C1 contained an intact leader sequence and was therefore expected to be subject to autogenous control. In contrast, extracts of strain BR151P1 (lane 6) exhibited a substantial increase in the intensity of a band corresponding to the position occupied by protein S4. This increase was estimated by laser densitometry to be approximately threefold. The identity of the overproduced band was confirmed by using strain BR3AP1, which differs from BR151P1 only in the presence of the rpsD2 allele, resulting in a change in migration of protein S4. Extracts of strain BR3AP1 (lane 7) exhibited overproduction of a protein comigrating with the rpsD2-encoded form of S4, indicating that the migration of the overproduced protein was dependent on the specific rpsD allele used and was in fact protein S4. The observed threefold increase in S4 protein is likely to represent a much greater increase in the free pool of S4 in the cell, since under normal conditions the major proportion of the ribosomal protein in the cell is assembled into ribosomes (6 translational rpsD-lacZ fusions were introduced into normal or S4-overproducing strains of B. subtilis, after integration into transducing phage SPP, and P-galactosidase production was measured (Table 2) . A fusion carrying a wild-type rpsD leader region (SPI::pTMH123) was found to be 2.2-fold repressed in the S4-overproducing strain, BR1SiP1, compared with strain BR1SiC1. This level of repression is an underestimate, since the fusion is likely to be repressed to some degree in strain BR151iC, in which S4 was not significantly overproduced. Deletion of the central portion of the leader region (AXba3-2, SPP::pTMH137) resulted in increased expression in strain BR151C1 and loss of repression in strain BR151P1. The increased expression in the nonoverproducing strain could result from more efficient expression of the mutant fusion construct, independent of regulation; however, the loss of sensitivity to S4 overproduction indicates that the deleted region is necessary for repression by S4 protein. These results are in agreement with the data presented above for response of rpsD expression to S4 overproduction in E. coli. The Xba-1 (SP: :pTMH125), Xba-2 (SP,: :pTMH127), and Pst-1 (SP,: :pTMH131) point mutations in the rpsD leader region all gave results similar to that observed for AXba3-2 (SP,::pTMH137), indicating that the sequences altered in these mutations play a role in repression of rpsD expression by protein S4. The Xba-3 mutation (SPP:: pTMH133) resulted in increased expression in strain BR151C1, but expression was still sensitive to S4 overproduction; this finding suggests that while the sequence alteration in this mutation affects expression of rpsD, regulation by S4 is intact. A second leader region deletion (AXbal-2, SP,::pTMH129) resulted in reduced expression of the fusion in strain BRiSlC1 and loss of sensitivity to S4 overproduction. The most likely explanation for this result is that this mutation results in decreased efficiency of expression, by a reduction in access of the translational initiation site to the ribosome or a reduction in mRNA stability, and disruption of regulation by protein S4.
DISCUSSION
The goal of this study is the analysis of the regulatory mechanisms governing expression of the rpsD gene, encoding ribosomal protein S4, in B. subtilis. While S4 acts as the translational regulator for a operon expression in E. coli, rpsD is not located in the a operon in B. subtilis, suggesting that regulation of rpsD and a expression may differ in the two systems. We have previously shown that rpsD in B. subtilis is monocistronic (8) and that the coding sequence is preceded by a leader region exhibiting interesting structural similarities to the putative binding site for S4 on 16S rRNA (23, 27) . We also find similarities to the binding site for E. coli S4 in the a operon mRNA, at the start of the coding sequence for protein S13 (25, 26) . In this study, we show that rpsD is subject to autogenous control in B. subtilis, as in E. coli, and that the mRNA leader region is the target site for repression by S4 protein.
Overexpression of protein S4, generated by induction of a P,ac-rpsD construct in E. coli or by insertion into the B. subtilis chromosome of an extra copy of rpsD containing a derepressing leader mutation, resulted in repression of a wild-type rpsD-lacZ fusion. Similar results were obtained when regulation was tested in B. subtilis and E. coli, indicating that there are no obvious fundamental differences in the operation of this regulatory system in the two organisms. Certain mutations in the rpsD leader region, including deletion and point mutations, resulted in loss of repression by S4. These results indicate that the leader region sequence is important in regulation by S4.
Computer analysis of the rpsD leader sequence indicated that this sequence has the potential to fold into a variety of different secondary structural patterns; possible models include pseudoknot structures, similar in general structure, although not in primary sequence, to the proposed S4 binding site in the E. coli a operon mRNA leader. One such model is shown in Fig. 5A . Of particular interest is the conservation of sequence in the region at 127 to 130 of the B. subtilis rpsD leader and 104 to 107 of the E. coli a operon sequence. This single-stranded region of the E. coli a leader has been shown to be important for S4 binding, since alterations which disrupt helical regions surrounding this area, or which specifically alter the A residue at position 106, result in loss of S4 binding and derepression of a operon expression (26) . The Xba-2 mutation, which resulted in derepression of B. subtilis rpsD, alters three nucleotides in this region, including the residue analogous to A106 of the E. coli at leader. Both structures also include a helical region immediately following the translation initiation codon.
Protein S4 is one of the initial proteins binding to 16S rRNA during ribosomal assembly, and it is postulated that competition between binding to 16S rRNA and to the regulatory target site on the ao mRNA is a key feature of the regulatory system in E. coli (5) . The target site for S4 binding on 16S rRNA in E. coli has been well characterized (23, 27) and has been proposed to involve helices 437 to 497 and 500 to 545. The equivalent region is highly conserved in B. subtilis 16S rRNA ( Fig. SB; 7) . There is very little primary sequence homology between the binding sites for E. coli S4 protein on E. coli 16S rRNA and on the E. coli a operon leader (26) , with the only conserved feature of note located in the region near the above-mentioned A106 of the a leader. In contrast, there are two regions of conservation between the B. subtilis rpsD leader and the putative S4 binding site on B. subtilis 16S rRNA. The first region is at leader positions 70 to 78 and 16S rRNA positions 504 to 512. The Pst-1 mutation, which resulted in overproduction of S4 protein in B. subtilis and loss of repression of an rpsD-lacZ fusion by S4 overproduction, alters three of the residues conserved between the leader and 16S rRNA. These results suggest that the sequence in this region is important for rpsD regulation and that the conservation in sequence with 16S rRNA may be significant. The region near the Pst-1 mutation was also found to be conserved in the rpsD leader region from B. stearothermophilus, which exhibits conservation of a number of structural features of the leader despite variation at the primary sequence level (8a) . The second region of homology between the B. subtilis rpsD leader and 16S rRNA sequences is at leader positions 123 to 130 and 16S rRNA positions 463 to 470. The Xba-2 mutation alters two residues in this position and results in loss of autogenous regulation. Additional mutagenesis studies will be necessary to determine the importance of each of these residues in repression by S4.
In the E. coli system, it has been clearly demonstrated that addition of protein S4 to an in vitro translation system containing E. coli a operon mRNA as a template results in turn-off of synthesis of a-encoded ribosomal proteins (29) . It has also been shown that S4 protein binds to the leader region of the E. coli a operon mRNA and that binding of S4 to leader mRNA variants in general correlates with repression, although certain leader mutations permit binding without repression (26) . The results presented here indicate that B. subtilis S4 represses its own synthesis, but it has not yet been determined whether this occurs by direct binding of S4 to the rpsD mRNA leader region, not has it been demonstrated that repression occurs at the translational level, although this is likely to be the case by analogy with the E. coli system. The effect of S4 overproduction on expression of the B. subtilis a operon has not yet been tested.
Introduction of an extra copy of rpsD containing the Pst-1 leader region mutation into the B. subtilis chromosome resulted in a threefold increase in the amount of S4 protein in the cell. Since the majority of ribosomal protein in the cell is normally assembled into ribosomes, this is likely to represent a much greater increase in the free pool of S4 (5). However, it is not known how much of this excess S4 protein is available for regulation, since it could be aggregated or associated with other cellular components. This 3-fold excess in total S4 protein resulted in a 2.2-fold repression of rpsD-lacZ expression in B. subtilis. The measured level of repression is likely to be underestimated, since it is probable that the fusion is not fully derepressed in the parent strain lacking S4 overproduction. It may be that higher levels of repression cannot be observed because a major portion of the excess S4 protein is inaccessible. It is also possible that there is a limit to the repressibility of rpsD expression, perhaps because only a portion of the mRNA is in a conformation accessible to S4-mediated repression, while the remainder is always available for expression. A similar twofold repression ratio is also observed in the case of the E. coli a operon (26) .
Plasmid constructs containing the intact rpsD gene under control of its own promoter, or high-copy-number plasmids containing Plac-rpsD constructs, proved to be unstable in E.
coli, even in strains containing the lacIq allele. The most likely explanation for this observation is that overproduction of S4 in E. coli resulted in turn-off of E. coli a operon expression, resulting in unbalanced ribosome synthesis. Preliminary experiments using plasmid pACSPaZ (26) , which contains an E. coli a-lacZ fusion, indicated that induction of S4 synthesis resulted in repression of ,-galactosidase production (8a), suggesting that B. subtilis S4 can interact with the E. coli a mRNA target site. Further studies are needed to establish this more clearly.
The lack of sequence homology between the B. subtilis and E. coli S4 target sites is similar to the divergence of the B. subtilis and E. coli RNase P RNA sequences (20 
